The 14.4-kDa hexon-associated protein IX (pIX) acts as a cement in the capsids of primate adenoviruses and confers a thermostable phenotype. Here we show that deletion of amino acids 100 to 114 of adenovirus type 5 pIX, which eliminates the conserved coiled-coil domain, impairs its capacity to self-associate. However, pIX⌬100-114 is efficiently incorporated into the viral capsid, and the resulting virions are thermostable. Deletion of the central alanine-rich domain, as in pIX⌬60-72, does not impair self-association, incorporation into the capsid, or the thermostable phenotype. These data demonstrate, first, that the self-association of pIX is dispensable for its incorporation into the capsid and generation of the thermostability phenotype and, second, that the increased thermostability results from pIX monomers binding to different hexon capsomers rather than capsid stabilization by pIX multimers.
The adenovirus (Ad) protein IX (pIX) is strongly conserved in primate mastadenoviruses. Cryoelectron microscopy image analyses of Ad particles reveal continuous trisymmetric densities between the nine-hexon capsomers that form the groupof-nine hexons on each facet of the icosahedral capsid structure (6, 18, 20) . This suggested that there are 12 trimeric pIX proteins in each of the 20 facets. Although pIX is dispensable for viral replication, pIX-deficient particles are more thermolabile than wild-type (wt) particles (3) . Therefore pIX is often described as capsid "cement." pIX is required to package genomes with sizes greater than that of the wt Ad genome (7, 15) . The location of pIX at or near the surface of the particle was confirmed by immune accessibility studies using pIX epitopes and heterologous epitopes linked to the pIX C terminus (1, 4, 10, 21) . In addition, pIX has been implicated in regulating the expression of the Ad major late promoter (9, 14) . Mutagenesis has pinpointed the central alanine-rich domain and the coiledcoil domain in the carboxyl-terminal part of pIX as being involved in transcription regulation (12) . The coiled-coil domain contains a putative leucine zipper domain (16) ; it has been suggested that this domain is involved in the self-association and the presumed trimer formation of pIX molecules (12) . Electron microscopy studies revealed that the integrity of the coiled-coil domain is required for formation of pIX-containing inclusion bodies (12, 13, 17) . Further studies implicated the strongly conserved N-terminal domain (Fig. 1A ) in capsid incorporation (12) .
To get more insight in the structure and function of pIX and its role in capsid stabilization, we generated a series of hAd5 mutants with deletions in the pIX gene. The modified pIX proteins were tested for their capacity to self-associate and to be incorporated into the capsid. Subsequently we tested virus particles carrying the mutant pIX for their thermostability. We employed site-directed mutagenesis (QuikChange site-directed mutagenesis kit; Stratagene) of the expression plasmid pAd5pIX (21) to generate the following deletion mutant proteins: pIX⌬18-44, which has a deletion of amino acids (aa) 18 to 44 in the N-terminal region; pIX⌬60-72, in which aa 60 to 72 of the alanine-rich stretch have been removed; and pIX⌬100-114, which lacks aa 100 to 114, which comprise the central part of the coiled-coil domain (Fig. 1B and Table 1 ). The deletions were chosen on the basis of both the sequence conservation among the serotypes and the previously characterized domains (12) . For the self-association assay we generated C-terminal Flag epitope-tagged versions of our mutant pIX proteins and a MYC epitope-tagged version of wt pIX. An additional RGD motif was fused to the pIX⌬18-44 construct, generating a pIX molecule with a molecular weight similar to those of the others (Fig. 1C) . To examine whether the deletion mutant proteins were capable of being incorporated into the viral capsid of hAd5dl313, which lacks a functional pIX (3), this virus was propagated on 911 helper cells (5) that transiently expressed the mutant pIX proteins as described previously (21) . All pIX proteins were produced in the 911 helper cells ( Fig. 2A) . After CsCl banding and purification, the viruses were assayed for the presence of pIX by Western blot analysis. Both the pIX⌬60-72 and pIX⌬100-114 mutant proteins were incorporated efficiently (Fig. 2B ). In contrast, pIX⌬18-44 was not incorporated into the capsid, implying a role for this domain in capsid incorporation (12) . Next we evaluated the ability of our mutant pIX proteins to self-associate. The plasmids encoding the pIX.MYC and pIX .Flag mutant proteins were coexpressed in 911 cells as described previously (21) in the absence of Ad. After 48 h the cells were washed with phosphate-buffered saline, followed by lysis in radioimmunoprecipitation assay lysis buffer (50 mM Tris-Cl [pH 7.5], 150 mM NaCl, 0.1% sodium dodecyl sulfate [SDS], 0.5% deoxycholate, 1% NP-40). Expression of these pIX derivatives was confirmed by Western blotting. Protein concentrations were measured with a protein assay kit (BCA protein assay kit; Pierce, Rockford, Ill.). After SDS-polyacrylamide gel electrophoresis (PAGE) of 15 g of cell extract, the proteins were transferred to an Immobilon-P transfer membrane (Millipore, Etten-Leur, The Netherlands). The pIX proteins were detected with rabbit anti-pIX serum (2) (1:2,000), followed by a horseradish peroxidase-labeled goat anti-rabbit serum (1:5,000; Santa Cruz Biotechnology, Inc., Santa Cruz, Calif.) as described previously (Fig. 2C) (21) . As a loading control a mouse antibody recognizing human actin (1:500; clone C4; ICN Biomedicals, Inc., Zoetermeer, The Netherlands) was used. To determine whether the proteins associated with each other, we performed a coimmunoprecipitation assay. Fifty micrograms of cell lysate was incubated with 1 ml of a Flag-bead suspension (ANTI-flag M2 freezer-safe affinity gel; Sigma Aldrich Chemie, Zwijndrecht, The Netherlands) for 2 h at 4°C. Subsequently the beads were washed with Tris-buffered saline (50 mM Tris-Cl, 150 mM NaCl [pH 7.4]) and resuspended in 2ϫ sample buffer (10% glycerol, 4% SDS, 120 mM Tris-Cl [pH 6.7], 5% bromophenol blue). After size fractionation by SDS-15% PAGE and blotting, the pIX proteins were detected with anti-pIX serum.
In the positive-control sample both the pIX.Flag and pIX.MYC proteins were detected (Fig. 2D) , indicating that pIX.MYC associates with pIX.Flag. Also, the deletion mutant proteins pIX⌬18-44 and pIX⌬60-72 associated with pIX.MYC, demonstrating that neither the conserved N-terminal domain nor the alanine stretch is involved in pIX self-association. The latter observation is contrary to an earlier study that had implicated the alanine stretch in pIX self-association (12) . The difference may be explained by the presence of a large tag at the N terminus of pIX in the earlier study, rather than at the C terminus in our study. In agreement with previous studies (12) , deletion of the conserved domain in the coiled-coil region (pIX⌬100-114) impaired association with pIX.MYC. To study whether the Flag-tagged pIX⌬100-114 can associate with other pIX⌬100-114 molecules, a plasmid encoding a nontagged pIX⌬100-114 was coexpressed with the Flag-tagged pIX⌬100-114 in 911 cells ( Fig. 2E and F) . As a positive control the plasmids coding for pIX and pIX.Flag were used. Whereas the tagged wt pIX could coprecipitate the untagged wt pIX protein, neither the tagged wt pIX nor the tagged pIX⌬100-114 could precipitate the untagged pIX⌬100-114. This demonstrates that pIX⌬100-114 associates neither with wt pIX nor with pIX⌬100-114. Next we tested the pIX mutant proteins for their capacity to function as capsid cement in a thermostability assay. To this end, we introduced the ⌬60-72 and ⌬100-114 deletions into the viral backbone by site-directed mutation PCR of the pTrack-CMV-Luc shuttle plasmid (21) . In addition, a mutant protein, called hAd5⌬pIX. LUC, from which all codons for pIX were deleted, was generated. The ⌬18-44 mutant protein was omitted from this study since this mutant pIX is not incorporated into the viral capsid and therefore capsid stability would be expected to be the same as that for an Ad lacking the pIX gene (21) . Replication-incompetent hAd5CMV-Luc viruses carrying mutant pIX and ⌬pIX were generated as described previ- ously (8) . The CsCl-banded and purified viruses were tested for the presence of the deletion in the pIX gene based on product sizes by PCR (Fig. 3A) with the primers listed in Table  1 . The PCR products have been verified by sequencing to further confirm the integrity of the deletions in the viral backbone (data not shown). PCR of the fiber gene in the viral backbone was used as an internal control. The viruses carrying the ⌬60-72, ⌬100-114, and ⌬pIX mutations could be propagated with kinetics and titers similar to those for the hAd5.Luc virus that carries the wt pIX gene (data not shown). Western analysis of the purified viruses showed incorporation of pIX⌬60-72 and pIX⌬100-114 equal to that of wt pIX (Fig. 3B) . The deletion of the central alanine stretch (⌬60-72) as well as the deletion of a large part of the coiled-coil region (⌬100-114) did not have a negative effect on the incorporation of pIX into the virus capsid. To test for capsid stability, 150-l aliquots of each of the viruses were incubated at 45°C for 0, 4, 6, 8, and 10 min and subsequently rapidly cooled on ice for 5 min. Next U2OS cells were infected with 100 l of virus suspension from each aliquot. After 24 h viral titers were determined by measuring the luciferase activity, as described previously (11) . The virus lacking pIX, hAd5 ⌬pIX.LUC, rapidly decreased in titer in response to incubation at 45°C, whereas vectors encoding wt pIX were thermostable (Fig. 3C) (3) . The viruses with the central alanine stretch deleted (⌬60-72) and the coiled-coil (⌬100-114) region were as thermostable as wt virus. These results show that the coiled-coil region is essential for selfassociation but does not mediate pIX-dependent thermostabilization of the viral particle. Similarly, we found that, contrary to previously reported evidence (12) , the alanine stretch is dispensable for self-association and induction of the thermostable phenotype. The mechanism by which pIX cements the capsid into a thermostable virion is still unclear. Our data show that pIX self-association is not required. This excludes the model in which three pIX molecules form a trimer that simultaneously binds three different hexon capsomers, thereby stabilizing the complex via the self-associated pIX molecules (Fig. 4A) . This model would require pIX to interact with a single hexon capsomer only. Our data demonstrate that pIX stabilizes the capsid independently of self-association. This suggests a model in which the pIX N-terminal domain binds simultaneously to two different hexon capsomers (Fig. 4B) . The individual pIX molecules then provide links between neighboring capsomers. Alternatively, a mechanism in which single pIX molecules strongly bind to single hexon capsomers to induce a stabilityenhancing conformational change cannot yet be excluded (Fig.  4C) . Mapping the interaction domains of hexon and pIX, as well as high-resolution structural analyses of the adenovirus particle, should facilitate the resolution of this issue. Nevertheless, our observation that the self-interaction domain is dispensable for capsid stability, together with the recent observations that pIX only moderately affects replication and transcription of Ads (14) , leaves the precise function of the conserved C-terminal domain of pIX enigmatic.
